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The infected cell protein 0 (BICPO) is an immediate early protein encoded by BHV-
1, and its RING finger domain, which endows BICPO with intrinsic E3 ubiquitin
ligase activity, is common in all ICPO proteins. Tumor necrosis factor receptor-
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activates interferon induction in the TLR (Toll-like receptors) and the RLR (RIG-I-like
receptor) pathway. Previous studies showed that BICPO reduced IFN-B promoter activity
by interacting with IRF7. In this study, we found that BICPO promoted the K48-
ubiquitination and degradation of TRAF6 through the ubiquitin proteasome system. The
interaction between BICPO and TRAF6 is a prerequisite for ubiquitination modification,
and the 346-PAERQY-351 of BICPO is indispensable. The motif mutation experiments
showed that the tyrosine 351 of BICPO is the key amino acid involved. Further studies
demonstrated that BICPO suppressed the NF-kB pathway via the interference of TRAF6.
Moreover, degradation of TRAF6 protein influenced the K63-linked ubiquitination of
IRF7 and activation of interferon promoter. Collectively, these findings indicate that
the BICPO protein suppresses the inflammation signaling and IFN production by K48-
linked polyubiquitination of TRAF6 and may further clarify the immune evasion function
of BICPO.
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INTRODUCTION

Bovine herpesvirus 1 (BHV-1) is an enveloped virus belonging to the alphaherpesvirus subfamily,
and is a significant bovine pathogen that leads to abortions, genital disorders, pneumonia,
conjunctivitis, and “shipping fever;” which is an upper respiratory infection (Tikoo et al., 1995).
Immunosuppression caused by BHV-1 infection triggers bovine respiratory disease complex
(BRDC). As a poly-microbial disease caused by viral infection and stress, BRDC causes significant
economic losses to the global cattle industry (Muylkens et al., 2007). The Infected Cell Protein 0
encoded by bovine herpesvirus-1 (BICPO) is important for the regulation of Iytic and latent viral
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infections (Saira et al., 2008). Like the related proteins expressed
by other alphaherpesvirus that infect mammalian species, BICP0O
has a C3HC4 zinc RING finger domain in the amino-terminus,
which is crucial for activating viral transcription and productive
infection (Parkinson and Everett, 2000; Saira et al., 2008;
Boutell and Everett, 2013). Aside from being one of the
important virulence proteins of BHV-1, BICPO also has an
immunosuppressive function. The RING finger domain of BICP0O
is essential for E3 ubiquitin ligase activity and leads to the
ubiquitination and the subsequent degradation of a number
of immune defense proteins. For example, BICPO can directly
catalyze IkBa ubiquitination (Diao et al., 2005). BICPO also
causes a decrease in IRF3 protein levels via the ubiquitin-
dependent proteolysis pathway (Saira et al., 2007). PML-NB
(promyelocytic leukemia protein-containing nuclear body) is a
specific anti-viral organelle which regulates apoptosis and innate
immune responses (Scherer and Stamminger, 2016). Many DNA
viruses can recombine or split PML-NB, thereby increasing the
copy number of the virus. Studies have shown that BICPO co-
localizes with and disrupts PML-NB (Parkinson and Everett,
2000; Inman et al.,, 2001). On the other hand, it was observed
that BICPO mediates the co-localization of IRF7 with nuclear
structures that may be PML-NB in transfected cells, and that
the interaction between BICPO and IRF7 impairs activation of
IFN-P promoter activity but does not change IRF7 protein levels
(Saira et al., 2009). BICPO thus reduces the ability of the IFN-
B promoter in a manner correlated with IRF3 degradation,
IRF7 interaction, and PML-NB dissolution, which has become
a strategy used to destroy inherent innate antiviral defenses
(Gaudreault and Jones, 2011).

Tumor necrosis factor receptor-associated factor 6 (TRAF6)
is one of the TRAF family members, and is one of the most
extensively investigated proteins in inflammatory responses
(Lalani et al., 2018). TRAF6 is widespread in mammalian tissues
and is conserved among species, and it consists of a RING
finger domain in the N-terminal, followed by five Zn finger
domains, and a C-terminal TRAF domain (containing a coiled-
coil TRAF-N domain and a TRAF-C domain) (Cao et al., 1996;
Ishida et al., 1996). The RING finger domain of TRAF6 possesses
E3 ubiquitin ligase activity, which is essential for TRAF6 in
the NF-kB activation downstream of TLRs (Toll-like receptors)
(Akira and Takeda, 2004). TRAF6 forms an ubiquitin-binding
enzyme complex with Ubcl3 (Ubiquitin-conjugating enzyme
13) and UevlA (ubiquitin-conjugating enzyme E2 variant 1) to
promote the synthesis of lysine 63 (K63)-linked polyubiquitin
chains (Deng et al., 2000). This K63-linked ubiquitination not
only regulates protein functions and the interaction among
proteins but also upregulates autophagic degradation. In general,
Ké63-linked ubiquitination mediated by TRAF6 triggers signal
transduction through the activation of downstream proteins (Sun
and Chen, 2004). The protein kinase TAK1 (TGF beta-Activated
Kinase 1) has been identified as one of the targets of TRAF6 and
activated TAK1, which then triggers activation of canonical NF-
kB by phosphorylating the IkB kinase complex (IKKa, IKKf, and
IKKy) (Wang et al., 2001; Akira and Takeda, 2004). On the other
hand, phosphorylation of MKK6 by TAK1 leads to activation of
the JNK-p38 kinase pathway (Wang et al., 2001). TRAF6 also

participates in autophagy stimulation by mediating Lys63-linked
polyubiquitination of ULK1 (Nazio et al., 2013) and BECLIN-1
(Shi and Kehrl, 2010). Non-degradative ubiquitination by TRAF6
stimulates ULK1 self-association, which is a prerequisite for
its kinase activity. Although TRAF6 has a well-established role
in the regulation of both TAKI1 and JNK signaling (Sakurai,
2012), the question of whether TRAF6 also controls autophagy
through these kinases remains largely unexplored (Antonioli
et al, 2017). In addition, TRAF6 may direct the activation of
phosphoinositide 3-kinase (PI3K) when it binds to the TNFR
superfamily, including TRANCE-R (also called RANK) and
CD40, which regulate dendritic cell and osteoclast function
(Wong et al,, 1999; Arron et al., 2001). TRAF6 has also been
shown to form the MyD88-TRAF6-IRF7 complex and activate
interferon induction in the TLRs/IL-1 pathway (Honda et al,
2004; Kawai et al., 2004; Takaoka et al., 2005) and in the RLR
(RIG-I-like receptor) pathway (Konno et al., 2009).

In this study, we demonstrated that BICPO promotes the
K48-linked ubiquitination of TRAF6, which then leads to
the TRAF6 degradation by the ubiquitin proteasome system
(UPS). The interaction between BICPO and TRAF6 requires
the involvement of a conservative motif, 346-PAERQY-351,
of BICPO. By generating amino acid mutants, we found that
the tyrosine 351 in the motif of BICPO is the key amino
acid involved. Further research showed that the degradation
of TRAF6 mediated by BICPO inhibited the functioning of
TRAF6 on the NF-kB pathway. Moreover, the activation of
the interferon pathway by IRF7 and TRAF6 is also affected by
BICPO. Taken together, our study may provide new insights for
the complex mechanism by which BICPO regulates the innate
antiviral immune response.

MATERIALS AND METHODS

VSV, Baculovirus, and Plasmids

The vesicular stomatitis virus (VSV) was stored in —80°C
prior to use. The recombinant baculovirus (RE-BICP0-FLAG),
which carries the Flag-tagged BICPO gene, was constructed
by our laboratory (data not shown). The baculovirus strain
was propagated and titrated in insect cells determined by 50%
tissue culture infective doses (TCIDsg) as described previously
(Shao et al., 2015). The plasmid pcDNA3.1-BICP0-Flag expresses
Flag-tagged wild type BICPO (wt BICP0) under the control
of the human cytomegalovirus (CMV) promoter. The mutant
BICPO-Flag (13A/51A) contains site mutations within two
conserved cysteine residues of the RING finger of Flag-tagged
wt BICPO. The Myc-tagged N-terminal truncation mutants
(ABICP0-Myc) were generated by standard PCR. To generate the
motif mutants BICP0-P346A (pcDNA3.1-BICP0-Flag-P346A),
BICP0-E348A (pcDNA3.1-BICPO-Flag-E348A), BICP0-Y351A
(pcDNA3.1-BICPO-Flag-Y351A), ABICP0-Y351A (pcDNA3.1-
ABICP0-Myc-Y351A), and BICP0-123 (pcDNA3.1-BICP0-Flag-
123), alanine was substituted for the corresponding amino
acids by PCR (Figure 1). Bovine IRF7 and TRAF6 genes were
amplified from bovine ¢cDNA and inserted into pcDNA3.1
(4) expression vectors; the recombinant plasmids are named
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T ] [ oo [ [v]
13A_ SIA 346P 34SE_351Y 356 619 622 657
BICPO-Flag (13A/51A) B [ Tac] | |NLs | [Flag |
13C_SIC 346P 348E_351Y 356
ABICP0-Myc B | | ac | [FTE Mye
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FIGURE 1 | Schematic illustration of BICPO and its mutants. R, zinc RING finger; TAD, transcriptional-activation domains; AC, acidic domain; TBM, TRAF6-binding
motif; NLS, nuclear localization sequence; Flag, Flag-Tag sequence; Myc, Myc-Tag sequence.

pcDNA3.1-IRF7-HA, pcDNA3.1-TRAF6-HA, and pcDNA3.1-
TRAF6-Flag, respectively. The plasmid pGL-3kB-luc (NF-kB-
luc) was purchased form Promega. The IFN-f promoter
construct (IFN-p-luc) was constructed by inserting the promoter
region of IFN-p into the appropriate sites of the pGL3 vector.

Cell Lines and Reagents

Madin Darby bovine kidney (MDBK) cells, HEK293T cells,
and HeLa cells were maintained in Dulbecco’s Modified
Eagle’s Medium (DMEM; Gibco) supplemented with 10%
fetal bovine serum (FBS; Gibco) and penicillin (100 U/ml)-
streptomycin (0.1 mg/ml) at 37°C in a 5% CO; incubator. The
antibodies used in this study were obtained from the following
manufacturers: rabbit polyclonal antibodies to anti-Flag
(GTX115043), anti-HA (GTX115044), anti-Myc (GTX115046),
and anti-GAPDH (GTX100118) were purchased from GeneTex,
Inc. (United States). Antibody against TRAF6 (A5724) and
Anti-Flag magnetic beads (B26102) were purchased from
Bimake. Anti-HA magnetic beads (HY-K0201), MG132, and
chloroquine were purchased from MedChemExpress (MCE).
The rabbit monoclonal antibodies against Ubiquitin (ab134953),
K48-Ubiquitin (ab140601), and K63-Ubiquitin (ab179434)
were purchased from Abcam. Horseradish peroxidase (HRP)-
conjugated secondary antibody was purchased from ZSGB-BIO.
The dual-luciferase reporter assay system was obtained from
Promega. Sodium butyrate and Lipofectamine 2000 were
purchased from Thermo Fisher Scientific, Inc.

Transduction and Transfection

Madin Darby bovine kidney cells (~2 x 10°) were seeded in
6-well plates 24 h before transduction with either the RE-BICPO-
FLAG or an empty control baculovirus. The complete DMEM

media contains 3 mM sodium butyrate, which enhances protein
expression and transduction efficiency of the virus. After 24 h
stimulation, MDBK cells were washed three times in ice-cold
Tris-buffered saline (TBS), lysed, and subjected to western blot
analysis as described below. For transfection, HEK293T cells
(~0.5 x 10° and ~1 x 107) were seeded in 24-well plates and in
100 mm dishes, respectively. HeLa cells (~2 x 10°) were seeded
in glass-bottom dishes. Lipofectamine 2000 was used according
to the manufacturer’s instructions.

Western Blot Analysis and

Immunoprecipitation

For western blot analysis, cells were lysed with RIPA buffer
containing 50 mM Tris (pH 7.5), 150 mM NaCl, 1% NP-40,
0.25% sodium deoxycholate, 1 mM EDTA, 10 pg/ml aprotinin,
10 pg/ml leupeptin, and 1 mM PMSF. Lysates were incubated
on ice for 30 min and clarified by centrifugation at 10,000 g
at 4°C for 15 min. Protein concentrations were quantified
using the BCA assay. For SDS-PAGE, proteins were mixed
with 5 x sample loading buffer and boiled for 5 min. Proteins
were separated in a 5-10% polyacrylamide gel and transferred
onto a nitrocellulose membrane. Membranes were blocked at
room temperature for 1 h in TBST (TBS-containing 0.05%
Tween 20) that contained 5% milk. Membranes were then
incubated overnight with the indicated primary antibody in
TBST at 4°C. Afterward, the membrane was incubated in goat
anti-rabbit immunoglobulin G (IgG)-HRP-conjugated secondary
antibody for another 1 h at room temperature. At the end
of each incubation, membranes were washed three times for
5 min each. Immunodetection was performed using enhanced
chemiluminescence Western blotting detection reagents in
accordance with the manufacturer’s protocol.

Frontiers in Microbiology | www.frontiersin.org

January 2020 | Volume 10 | Article 3040


https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Cao et al.

BICPO Negatively Regulates TRAF6 Activation

For immunoprecipitation assays, HEK293T cell lysates were
incubated with Anti-HA/Anti-Flag magnetic beads for 2 h at
room temperature according to the manufacturer’s instructions.
After extensive washing, immunoprecipitated proteins were
resolved using 5-10% SDS-PAGE and analyzed using western
blotting using the indicated antibodies. Experiments were
repeated at least three times and were observed to produce
similar results.

Confocal Imaging

The HeLa cells were transfected with the pcDNA3.1-BICP0-Flag,
pcDNA3.1-BICPO-Flag-Y351A, or pcDNA3.1-TRAF6-HA (1 g
each) for 36 h. Afterward, the cells were stained with the indicated
antibodies and the images were acquired using a ZEISS confocal
laser scanning system (ZEISS LSM800).

Luciferase Assay

For the luciferase assay, HEK293T cells were transfected using
the indicated plasmids. To normalize for transfection efficiency,
50 ng of pRL-TK Renilla luciferase plasmid was added to each
transfection. At 36 h post-transfection, the HEK293T cells were
harvested and whole cell extracts were prepared for the luciferase
assay. Luciferase activity was measured using the Luciferase
Assay System (Promega) with a GloMax™ 20/20 Luminometer
(Promega) and normalized relative to Renilla luciferase activities.
Data were obtained from three independent transfections and are
presented as the fold increase in luciferase activity (means £ SD)
relative to the control.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism 5.0
(GraphPad Software, La Jolla, CA, United States'). Data are
presented as mean = SD. One-way analysis of variance (ANOVA)
and Student’s t-tests were performed. P-values < 0.05 were
considered statistically significant.

RESULTS
BICPO Reduces TRAF6 Protein Levels

To determine the effect of BICPO on innate immunity in the
absence of other viral proteins, MDBK cells were transduced with
different doses of RE-BICPO-FLAG, or with an empty control
baculovirus. The results indicate that the presence of TRAF6
protein is significantly reduced in RE-BICPO-FLAG infected
MDBK cells in a dose-dependent manner, and that there is no
reduction in TRAF6 protein in the control baculovirus-infected
MDBK cells (Figure 2A). It is known that the UPS and the
autophagic lysosomal pathway (ALP) are the two major pathways
for protein degradation; as such, we aimed to investigate if BICPO
causes the decrease of TRAF6 through the proteasome pathway
or through lysosomal proteolysis. Consequently, we treated
MDBK cells with the proteasome inhibitor MG132 or with the
lysosome inhibitor chloroquine. The results showed that BICPO-
induced TRAF6 degradation was rescued by MG132 but not by

'www.graphpad.com

A 1 2 3 4
RE-BICPO-FLAG - + + -
Control baculovirus - - - +

IB: Flag

WCL

B 1 2 3 4 5 6
RE-BICPO-FLAG - + + + o+ &
MGI32 - - + + . _
Chloroquine - - - # + e
WCL | B: TRAF| [e—— B e | TRAF6
IB: GAPDH v L GAPDH
c 1 2 3
BICPO-FLAG - = +
TRAF6-HA - + i
IB: Flag dBICPO
WCL|  IB: HA -d-TRA%
IB: GAPDH GAPDH

FIGURE 2 | BICPO leads to the degradation of TRAF6 protein through the
proteasome. (A) BICPO reduces TRAF6 protein levels in MDBK cells. The titer
of RE-BICPO-FLAG and control baculovirus were 1 x 108 TCIDs0/100 wl and
2 x 10% TCIDs0/100 pl, respectively. MDBK cells were transduced with
RE-BICPO-FLAG at 1 x 108 TCIDs (lane 2) or 2 x 10° TCIDsq (lane 3), and
the control baculovirus at 2 x 108 TCIDs (lane 4). (B) TRAF6 was degraded
by the 26S proteasome in MDBK cells. MDBK cells were transduced with

2 x 108 TCIDsg of RE-BICPO-FLAG for 20 h and treated with MG132 (lane 3:
1 uM and lane 4: 4 uM) or chlorogquine (lane 5: 35 pM and lane 6: 70 uM) for
another 4 h. MG132 reduced the degradation of TRAF6 in a dose-dependent
manner. (C) BICPO promoted TRAF6 degradation after transient transfection
of HEK293T cells. HEK293T cells (~0.5 x 10°) were co-transfected with
pcDNA3.1-TRAF6-HA (0.5 ng each) and pcDNAS3.1-BICPO-Flag (0.5 pg
each). The control plasmid pcDNA3.1(+) (0.5 png each) was used for balanced
transfection efficiency. Densitometry analysis to quantify the ratio of TRAF6 to
GAPDH is shown below. Experiments were repeated at least three times and
produced similar results.

chloroquine, and that the decrease of TRAF6 was inhibited by
MG132 in a dose-dependent manner (Figure 2B). Interestingly,
the amount of BICPO protein also increased with increasing
dose of MG132 (Figure 2B). To test whether BICPO can
cause the decrease of TRAF6 protein in other cells, pcDNA3.1-
BICPO-Flag and pcDNA3.1-TRAF6-HA were co-transfected into
HEK293T cells (Figure 2C). Western blot results demonstrated
that the overexpression of BICPO-Flag reduced TRAF6-HA

Frontiers in Microbiology | www.frontiersin.org

January 2020 | Volume 10 | Article 3040


www.graphpad.com
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Cao et al.

BICPO Negatively Regulates TRAF6 Activation

protein expression in HEK293T cells, which was consistent with
the conclusion derived from MDBK cells. Collectively, these data
indicate that BICPO can lead to the reduction of TRAF6 protein
in MDBK cells and HEK293T cells, and TRAF6 was degraded
through the proteasome pathway.

BICPO Promotes the K48-Linked

Ubiquitination of TRAF6

Considering that BICPO is a RING-type E3 ubiquitin ligase,
we hypothesized that TRAF6 degradation is dependent on
the RING of BICP0. HEK293T cells were transfected with
the indicated plasmids, and results were determined using

immunoprecipitation and western blot assays. As can be
seen in Figure 3A, TRAF6-HA protein was obtained by
immunoprecipitation, and its band was detected using anti-HA
antibody. Results of the co-transfected group showed that BICPO-
Flag causes TRAF6-HA to separate into multiple bands, which
were diffused and had a dark background. However, the band was
significantly weaker in the TRAF6-HA transfection group and
in the co-transfection group of TRAF6-HA with the BICP0-Flag
(13A/51A) mutant. It is worth noting that only the wt BICPO-
Flag can cause the decrease of TRAF6-HA in the whole cell
lysate (WCL) samples. The antibody that specifically recognizes
ubiquitin leads to similar results using anti-HA (Figure 3B). The
results suggest that the ubiquitination of TRAF6-HA induced

A TRAF6-HA - + + +
wt BICPO-Flag - - + -
BICPO-Flag (13A/51A) - - - -
poly-Ub
IP: HA |180
IB: HA
130
95-
-TRAF6-3Ub
72 -TRAF6-2Ub
-TRAF6-Ub
55- -TRAF6

IB: HAI — E-TRAF()
IB: GAPDH | SIS SSSSED @SN @i |-G \PDH

WCL

TRAF6-HA - + + +
wt BICPO-Flag - - + -
BICPO-Flag (13A/S1A)

poly-Ub
IP: HA [180-
IB: K48-Ub

Ub 1130

R -TRAF6-3Ub

. -TRAF6-2Ub

- TRAF6-Ub
55-

IB: HA | -.!-TRAF()

WCL

IB: GAPDH |

B TRAF6-HA - + + +
wt BICPO-Flag - - + ,
BICPO-Flag (13A/51A) - - . +
poly-Ub
IP: HA 180
IB: Ub
1301
o -TRAF6-3Ub
- -TRAF6-2Ub
-TRAF6-Ub
55-

FIGURE 3 | BICPO promotes the K48-linked ubiquitination of TRAF6. At 36 h post-transfection, 10 WM MG132 was added for another 6 h, and cells were lysed on
ice for 10 min. The supernatant was collected by centrifugation, which was immediately immunoprecipitated by anti-HA magnetic beads for 2 h at room
temperature. Afterward, western blot was performed using antibodies against HA-tag/ubiquitin to detect TRAF6-HA (A) or ubiquitinated TRAF6 (B-D).

(A) TRAF6-HA protein bands appear diffuse in the presence of BICPO-Flag. (B) TRAF6-HA protein is ubiquitinated by BICPO-Flag. (C,D) The ubiquitin chains of
BICPO-mediated TRAF6 ubiquitination are K48-linked. Experiments were repeated at least three times and produced similar results.

B:HA| W - - TRAFG

IB: GAPDH [ s S S |G APDH
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D
TRAF6-HA - + + +
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by BICPO0-Flag depends on its E3 ligase activity. To confirm the
type of ubiquitin chains, antibodies that specifically bind to K48-
ubiquitin and K63-ubiquitin were used. The results showed that
BICPO-Flag promotes the K48-linked ubiquitination of TRAF6-
HA in transfected cells but not Ké3-linked ubiquitin chains
(Figures 3C,D). These data suggest that the RING finger of
BICPO is important for its catalytic activity, which promotes
the K48-ubiquitination of TRAF6 and leads to a subsequent
reduction of TRAF6.

BICPO Interacts With TRAF6 and the
Tyrosine 351 Is the Key Amino Acid

It is known that BICPO mediates the ubiquitination and
degradation of TRAF6; however, we aimed to investigate if
the interaction between BICPO and TRAF6 is necessary for
ubiquitination modification, as it seems to have particular
importance. To examine protein-protein interactions, Co-IP

assay was carried out with the cell lysate prepared from
HEK293T cells co-transfected with pcDNA3.1-BICP0-Flag and
pcDNA3.1-TRAF6-HA. Immunoblot analysis using anti-HA
antibodies revealed that BICPO directly interacts with TRAF6
in the absence of other viral proteins (Figure 4A). In order
to further study the domain structures involved in the BICPO-
TRAF6 interaction, we analyzed the BICPO protein sequence
and found a conserved motif of BICP0—346-PAERQY-351.
PCR was used to create several motif mutations: BICP0-123,
BICP0-P346A, BICP0-E348A, and BICPO-Y351A. Co-IP and
western blot assays showed that BICP0-123 has a significantly
reduced ability to bind TRAF6 and that Y351 is the key
amino acid responsible for the interaction between BICPO and
TRAF6 (Figure 4B). The result of reverse Co-IP is consistent
with Co-IP (Figure 4C). To determine the role of the Y351
in the ubiquitination of TRAF6, HEK293T cells were co-
transfected with pcDNA3.1-BICPO-Flag, or mutated pcDNA3.1-
BICPO-Flag-Y351A and pcDNA3.1-TRAF6-HA. Ubiquitination

A
TRAF6-HA ~ + . -
BICP0-Flag - + +
IP: Flag
IB: HA M |-TRAF6
IP: Flag
IB: Flag S | -BICPO
IB: Flagl W -BICPO
WCL|  IB: HA| - e -TRAF6
IB: GAPDH| M-GAPDH
c
TRAF6-HA + + o+ o+ "
BICPO-Flag - + - = - -
BICP0-123 - - + - - -
BICP0-P346A - N - + - -
BICP0-E348A - - = - + -
BICPO-Y351A - - - - - +
IP: HA
IP: HA R S
IB: HA i~ A ’ a - J
i rae [ - -] 7
WCL

IB: HA [ - [ TRATG

1B: GAPDH |- - e e an -l—GAPDH

FIGURE 4 | BICPO binds TRAF6 though “346-PAERQY-351" and Y351 is the key residue. HEK293T cells (~1 x 107) were seeded in 100 mm dishes and
transfected with the appropriate expression plasmids. At 36 h post-transfection, cell lysates were incubated with Anti-Flag/Anti-HA magnetic beads for 2 h at room
temperature according to the manufacturer’s instructions. Western blot analysis with the indicated antibodies was performed. (A) Co-IP results by anti-Flag magnetic
beads showed that BICPO interacts with TRAF6 in the absence of other viral proteins. Co-IP (B) and reversed Co-IP (C) showed that the “346-PAERQY-351" motif
of BICPO responds for its interaction with TRAF6 and tyrosine 351 is the key amino acid. (D) Ubiquitination analyses revealed that the mutation of tyrosine 351 on
BICPO reduced TRAF6 K48-ubiquitination. Experiments were repeated at least three times and produced similar results.
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analyses revealed that the mutation of Y351 on BICPO reduced
TRAF6 K48-ubiquitination (Figure 4D). To further identify
the interaction between BICPO and TRAF6, we also evaluated
whether the BICPO protein colocalizes with TRAF6 in HEK293T
cells transfected with the indicated plasmids. The results showed
the colocalization of BICPO and TRAF6 in the nucleus; however,
the BICP0-Y351A mutant lost its ability to colocalize with TRAF6
(Figure 5). It is worth noting that TRAF6 was introduced into
the nucleus under increased expression of BICPO. Collectively,
these data suggest that the direct binding of BICPO with TRAF6
requires the involvement of a conservative peptide, and that Y351
is a key amino acid.

BICPO Negatively Regulates
TRAF6-Mediated NF-kB and IFN-8

Promoter Activation

Since BICPO interacts with TRAF6, leading to its degradation by
ubiquitination, we aimed to determine which signaling pathways
downstream of TRAF6 become affected, as well as the types
of changes that will occur. TRAF6 has been most studied in

inflammation, so investigating its effect on the NF-kB pathway
is a priority. To do this, luciferase tests were performed and
results showed that overexpressed TRAF6-HA strongly activated
the NF-kB promoter. The wt BICPO-Flag inhibited the activity of
TRAF6-HA, but the inhibition effect of BICP0-Flag (13A/51A)
was obviously weaker than the wt BICP0-Flag. Moreover, it was
seen that the 357-657 aa at the carboxyl terminal of BICPO is
dispensable (Figure 6A). On the other hand, the BICP0-P346A
and BICP0-E348A mutants exert the same inhibitory effect as
the wt BICPO-Flag. However, the inhibitory effects of the BICPO-
Y351A and BICP0-123 mutants were significantly weaker than wt
BICPO (Figure 6B). Results showed that the interaction between
BICPO and TRAF6 attenuated the relationship between TRAF6
and the NF-kB promoter, and that and the RING and Y351 of
BICPO are essential.

To explore the further impacts of BICPO binding to TRAF6,
we thought to examine the interferon pathways. It is known
that IRF7 stimulates alpha/beta IFN (IFN-a/B) expression (Au
et al., 1998; Marie et al., 1998) and functions as a significant
regulator of the innate immune response. Another study
found that TRAF6 binds and activates IRF7, which requires
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FIGURE 5 | Confocal assay. The Hela cells were transfected with the pcDNA3.1-BICPO-Flag, pcDNAS3.1-BICPO-Flag-Y351A, or pcDNA3.1-TRAF6-HA for 36 h.
Afterward, the cells were stained with the indicated antibodies and subjected to confocal assay.
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the ubiquitin ligase activity of TRAF6 (Kawai et al, 2004).
Combining these findings with our experimental results, we
speculated that BICPO can inhibit the IFN-B pathway by
interfering with TRAF6. To test this hypothesis, IFN-p-luciferase
activity was measured. Earlier studies have shown that wt
BICPO inhibits the activation of IFN-f promoter by interacting
with IRF7 in the nucleus, but a C-terminal deletion BICPO
mutant (4ANcol, 1-607 aa) that lacks the nuclear localization
signal (NLS) inhibited the IRF7-induced IFN-f promoter activity
less efficiently than wt BICPO (Saira et al., 2009). Therefore,
in order to exclude the direct effect and interference of wt
BICPO on IRF7, tests were conducted with the ABICP0O-Myc,
which showed that TRAF6-Flag effectively activated the IFN-B
promoter. Co-transfected ABICPO-Myc effectively inhibited the
activity of TRAF6-Flag, while the inhibition of ABICP0-Y351A
was significantly weaker than ABICPO-Myc (Figure 6C). On
the other hand, IRF7-HA also activated the IFN-f promoter;
however, co-transfected ABICP0-Myc or ABICP0-Y351A did
not inhibit the activity of IRF7-HA (Figure 6D). To test

whether TRAF6 degradation affected the activation of the
IFN-p promoter by IRF7,HEK293T cells were co-transfected
with pcDNA3.1-TRAF6-Flag or mutated pcDNA3.1-ABICPO-
Myc-Y351A and pcDNA3.1- ABICPO-Myc and pcDNA3.1-IRF7-
HA. Luciferase analyses revealed that TRAF6-Flag and IRF7-
HA can synergistically activate the IFN-B promoter, whereas
ABICPO-Myc effectively inhibited the co-activation; however,
the inhibition of ABICP0-Y351A was significantly weaker than
ABICPO-Myc (Figure 6E). In conclusion, BICPO interacted
with TRAF6 and promoted its degradation, and then inhibited
TRAF6-activated IRF7. Most importantly, Y351 is the key amino
acid involved in these interactions.

BICP0O Weakens the Interaction Between

TRAF6 and IRF7

The regulatory mechanism of IRF7 in the IFN pathway has
been extensively studied. Like other transcriptional regulatory
proteins, IRF7 also requires a series of post-translational
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modifications (PTMs); for example, in ubiquitination,
sumoylation, acetylation, and phosphorylation are most
important (Ling et al, 2019). It is worth noting that the
activation of IRF7 requires ubiquitination, meanwhile, IRF7
will be ubiquitinated by TRAF6 at multiple sites both in vitro
and in vivo (Ning et al., 2008). Given the interaction between
IRF7 and TRAF6 and the effect of BICPO on the stability of
TRAF6 protein, we therefore speculated that BICPO inhibits
ubiquitination of IRF7 by affecting the TRAF6 protein level.
To test this hypothesis, HEK293T cells were co-transfected
with the indicated plasmids. Co-immunoprecipitation analyses
showed that IRF7-HA was ubiquitinated by TRAF6-Flag, and
ubiquitination of IRF7-HA was significantly decreased in the
presence of BICPO-Flag. In contrast, BICPO-Y351A failed to
interfere with the ubiquitination of IRF7-HA mediated by
TRAF6-Flag (Figures 7A,B). Results showed that the interaction
between BICPO and TRAF6 can inhibit ubiquitination of IRF7
and that the tyrosine 351 in the conserved motif of BICPO
is the essential amino acid. We next sought to determine
the ubiquitin chain type of IRF7, and the results showed
that TRAF6-Flag promoted K63-linked ubiquitination of
the IRF7-HA protein, whereas IRF7-HA was not modified
by BICPO-Flag through ubiquitination (Figures 7C,D).
Taken together, BICPO interacts with TRAF6 and enhances
the K48-linked ubiquitination and degradation of TRAF6,
which subsequently leads to the decrease of Ké63-linked
ubiquitination of IRF7.

DISCUSSION

Transient transfection tests are often used to study the
function of individual proteins. As it is a protein encoded by
bovine virus, the optimal experimental material to study the
pathogenic mechanism of BICPO is bovine cells. MDBK cells are
commonly used as experimental materials for BHV-1 infection
experiments; however, transfecting nucleic acids into MDBK
is very difficult, and this low transfection efficiency (<5.0%)
led to the failure in detecting any differences using the gene
reporter technology assay (Osorio and Bionaz, 2017). The reasons
for low transfection in MDBK cells is unclear. Alternatively,
baculovirus mediates the high-efficiency transduction of nucleic
acids into mammalian cells such as MDBK cells (Condreay
et al., 1999). In this study, the use of baculovirus helped us
to successfully deliver BICPO proteins to MDBK cells; we then
found that BICPO reduced the expression of TRAF6 protein.
As an effective foreign gene delivery system, baculovirus is
a powerful tool that plays a more important role in the
research of BHV-1 immune evasion. Co-transfection experiments
showed that BICPO reduced TRAF6 protein levels in transfected
HEK293T cells. The results indicated that BICPO can function in
HEK293T cells; subsequent related studies were thus performed
on HEK293T cells.

The use of proteasome inhibitor MG132 and lysosome
inhibitor chloroquine demonstrated that a functional proteasome
played a role in regulating TRAF6 protein levels, as seen in
Figure 2B. These results were consistent with previous studies

showing that BICPO can cause protein degradation through the
ubiquitin-proteasome pathway (Saira et al., 2007). The amount of
BICPO protein also increased with MG132 in a dose-independent
manner, which seems to indicate that BICPO is also degraded in
the MDBK cells via the ubiquitin proteasome pathway. However,
we do not know if the degradation of BICPO is affected by self-
ubiquitination or by other proteins in host cells. Further study
is required and may lead to new discoveries regarding host
antiviral mechanism.

Like other ICPO proteins encoded by the alphaherpesvirus
subfamily, the BICPO of BHV-1 contains a RING finger near
its N-terminal, and that its enzymatic activity is essential for
its function (Henderson et al., 2005). From the above results,
we have found that BICPO can cause the decrease of TRAF6
through the ubiquitin proteasome pathway. It is known that
ubiquitination is one of the most significant and most commonly
existing protein PTMs in eukaryotes, which uses ubiquitin
molecules to form different types of ubiquitin chains that lead
to the modification of protein substrates (Kleiger and Mayor,
2014). Whether they go through the UPS or the ALP pathway,
proteins undergo ubiquitination modification as a prerequisite.
Therefore, we next studied the E3 ligase activity of BICPO.
Ubiquitination analyses suggest that the RING finger of BICPO
is important for its catalytic activity, which promotes the K48-
ubiquitination of TRAF6. On the other hand, TRAF6 is a
non-conventional E3 ligase that promotes the synthesis of K63-
ubiquitination. The K63 ubiquitin chain catalyzed by TRAF6
can not only modify other proteins but also modify itself.
Modification of TAKI1 leads to its activation (Wang et al,
2001; Akira and Takeda, 2004), and the modification of ULK1
(Nazio et al., 2013) and BECLIN-1 (Shi and Kehrl, 2010)
leads to the activation of autophagy. However, no relevant
studies have shown that the K63 ubiquitination modification
of TRAF6 mediates its degradation. Regardless of whether K63
ubiquitination of TRAF6 worked, the results of this study
confirmed that BICPO modified TRAF6 by K48 ubiquitination
and caused its degradation.

Protein ubiquitination involves the cooperation of three
families of ubiquitin enzymes: E1, E2, and E3. Briefly, E1 activates
ubiquitin with the help of ATP, which then binds ubiquitin for the
formation of an El-ubiquitin thiol ester linkage. Subsequently,
ubiquitin is passed from E1 to E2. Finally, the E3 ubiquitin ligase
binds to both the E2-ubiquitin complex and the protein substrate,
promoting the transfer of ubiquitin onto the protein. Co-IP
results showed that BICPO interacted with TRAF6 without other
viral proteins, and that the direct combination between BICPO
and TRAF6 guarantees ubiquitination modification. Apart from
the RING finger, sequence analysis indicated BICP0 contains two
transcriptional-activation domains (TADs), an acidic domain,
and a consensus nuclear localization sequence (NLS; KRRR)
(Figure 1) (Henderson et al., 2005). However, the mode of
interaction of TRAF6 with receptors has been revealed by three
available structures of complexes, including TRAF6-CD40 (Ye
et al., 2002), TRAF6-TRANCE-R (Ye et al., 2002), and TRAF6-
MAVS (Shi et al., 2015). The consensus P-X-E-X-X-Z sequence
(x: any amino acid, Z: acidic or aromatic amino acid), which
is also known as the TRAF6-binding motif, is in accordance
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FIGURE 7 | BICPO eliminates the interaction between TRAF6 and IRF7. HEK293T cells (~1 x 107) were seeded in 100 mm dishes and transfected with the
indicated plasmids (5 g each). At 36 h post-transfection, cell lysates were incubated with anti-HA magnetic beads for 2 h at room temperature. Western blot
analysis with the indicated antibodies was then performed. (A,B) BICPO suppress IRF7 undergo ubiquitination. Co-immunoprecipitation samples were incubated
with anti-HA antibody (A) and anti-ubiquitin antibody (B). (C,D) TRAF6 mediates K63-linked ubiquitination of IRF7. Co-immunoprecipitation samples were incubated
with antibodies against K63-ubiquitin (C) and K48-ubiquitin (D).

with the receptor peptide residues of CD40, TRANCE-R, and
MAVS directly interacting with TRAF6. Results showed that
the TRAF6-binding motif is also in three IRAK adapter kinases
(Ye et al.,, 2002) and in the intracellular domain of IFNARI1

(Xie et al., 2012). In this study, the most valuable finding in
the sequence analysis of BICPO is that the 346-PAERQY-351
peptide of BICPO is conserved in different subtypes of BHV-
1. Further analysis showed that 346-PAERQY-351 peptide is in
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accordance with TRAF6-binding motif. The proline 346 (P346),
glutamic acid 348 (E348), and tyrosine 351 (Y351) of BICPO
are conserved according to the TRAF6-binding motifs. Mutation
experiments showed that 346-PAERQY-351 of BICPO is the
binding domain of BICPO and TRAF6 interaction, and that the
aromatic amino acid (tyrosine 351) is the key interaction site.
The residue in CD40 (F238) and TRANCE-R (Y349) is adjacent
to several aromatic and basic residues of TRAF6, including
R392, forming an amino-aromatic interaction (Park, 2018). This
domain configuration of TRAF6 is the same as other mammalian
TRAF family members, for example, TRAF2, TRAF3, and TRAF5
(Xie, 2013). TRAF2, TRAF3, and TRAF5 are able to interact
with different overlapping motifs, such as P-X-Q-X-T (Chung
et al., 2007; Hildebrand et al., 2010); however, the TRAF domain
of TRAF6 binds specifically to the consensus TRAF6-binding
motif, mainly through its TRAF-C domain (Ye et al., 2002).
In this study, we did not test exactly which domain of TRAF6
mediated the interaction with BICP0, and more research needs to
be done in the future.

Moreover, the carboxy terminus of BICPO has a nuclear
localization sequence, which can mediate the entry of BICPO
into the nucleus. Although TRAF6 has no nuclear localization
sequence, co-immunoprecipitation indicates that BICPO can
bind to TRAF6. It is possible that TRAF6 can break through
the nuclear membrane of the nucleus and enter the nucleus
when there are enough of the BICPO binds with TRAF6. On
one hand, BICPO causes K48 ubiquitination and degradation
of TRAF6 in the cytoplasm; On the other hand, BICPO may
combines with TRAF6 and mediates its entry into the nucleus,
thereby blocking TRAF6 from functioning in the cytoplasm. In
subsequent studies, it will be necessary to explore the combined
form of TRAF6 and BICPO.

TRAF6 is critical for the induction of many cytokines, such
as inflammatory cytokines and interferons. In this study, we
found that BICPO directly binds to TRAF6 and affects its
activation of NF-kB. ICPO is the homolog of BICPO, and there
is low similarity between BICPO and ICPO except in terms of
the RING finger structure. Previous studies have shown that
BICPO and ICPO could directly catalyze IxBa ubiquitination
after transient transfection of HEK293T (Diao et al., 2005).
Moreover,ICPO had been shown to degrade various proteins
such as p50/NF-kB1 (Zhang et al, 2013), MyD88, and Mal
(also known as TIRAP) (van Lint et al., 2010). Therefore, we
hypothesized that BICPO can affect the function of other proteins
in the NF-kB pathway through its E3 ligase. As an upstream
molecule of TRAF6 in the NF-kB pathway, MyD88 recruits
TRAF6 and forms a signal complex when the cell receives
exogenous signal stimulation. We had found that BICPO can
also lead to the degradation of MyD88 (data unpublished);
however, we do not know whether TRAF6 is involved in
the binding between BICPO and MyD88, and more work
needs to be done.

The type I interferon (IFN-I)-inducing pathway is one
of the most commonly stimulated signaling pathways during
viral infection. Different pattern recognition receptors (PRRs)
stimulated by exogenous stimulation will phosphorylate IRF3
and IRF7. Phosphorylated IRF3/7 then subsequently moves from

the cytoplasm to the nucleus, and works together with activated
NF-kB and ATF2/c-Jun to induce IFN-I production (Akira et al.,
2006). Previous research has shown that TRAF6 also binds to
IRF7 and results in IRF7 activation, and for this, the ubiquitin
ligase activity of TRAF6 is required (Kawai et al., 2004; Ning
etal.,, 2008). Furthermore, results show that MyD88-TRAF6-IRF7
complex regulates IFN-a production via TLR7, TLR8, and TLR9
(Honda et al., 2004; Kawai et al., 2004). In addition, TRAF6
mediates antiviral responses in RLR signaling that is triggered
by viral DNA and RNA in the cytosol; this is different from
TLR signaling and is important for the production of IFN-I
and activation of NF-kB (Konno et al., 2009). As an immune-
evasion gene encoded by BHV-1 that promotes productive
infection, BICPO reduces IFN-f promoter activity by causing the
degradation of IRF3 in transient transfection studies (Henderson
etal., 2005; Saira et al., 2007). BICPO also impairs the activation of
IFN-p promoter by interacting with the IRF7 protein, but it does
not reduce IRF7 protein levels (Saira et al., 2007, 2009). However,
it is not clear whether BICPO interacts directly with IRF7 or with
protein complexes containing IRF7 (Saira et al., 2009), and there
have been no more developments in this field during the last
decade. In this study, we showed that the interaction between
BICPO and TRAF6 promoted the degradation of TRAF6, which
in turn caused the decrease of K63-linked ubiquitination of IRF7
and attenuated activation of the IFN-B promoter. Whether the
binding of BICP0O and TRAF6 directly destroys the formation
of MyD88-TRAF6-IRF7 complex is unknown, and follow-up
work is currently being performed. In addition to the NF-kB
and IFN pathway, TRAF6 may also direct the activation of
mitogen-activated protein kinase (MAPK) (Wang et al., 2001),
PI3K (Wong et al., 1999; Arron et al., 2001), and autophagy
(Shi and Kehrl, 2010; Nazio et al., 2013). The effect of BICP0
on TRAF6 in these areas is worth investigating for future in-
depth research.

In summary, this is the first study to demonstrate that
BICPO suppresses NF-kB signaling and IFN activation via TRAF6
interference. These results regarding BICPO may help to further
understand the interactions between viruses and hosts.
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